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(54) Laser ultrasonics-based material analysis system and method 

(57) Disclosed herein is an interferometric-based 
materials analysis system (10) that employs a novel 
combination of laser beam shaping and pointing tech- 
niques, the use of a low cost, rugged, and compact diode 
laser (22) as a detection laser, and the use of signal 
processing techniques that compensate for inherent 
instabilities and short-term drift in the diode laser. A 
matched filter processing technique is disclosed for 
processing interferometrically-obtained data points from 
a target being analyzed. The matched filter technique is 
shown to be especially useful for detecting and analyzing 
Lamb modes within thin targets, such as a silicon wafer 
undergoing a rapid thermal processing cycle. Also dis- 



closed is a method and apparatus for interferometrically 
monitoring a target to determine, in accordance with pre- 
determined criteria, an occurrence of a period of time 
that is optimum for obtaining a data point In response to 
detecting such a period an impulse source, such as an 
impulse laser (14), is triggered to launch an elastic wave 
within the target so that a data point can be obtained. A 
plurality of data points so obtained are subsequently 
processed, such as by the matched filter technique, to 
determine a property of interest of the target. The prop- 
erty of interest may be, by example, the temperature of 
the target or the metallurgical status of the target. 
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Descripti n 

FIELD OF THE INVENTION: 

This invention relates generally to apparatus and s 
method for remotely (non-contact) characterizing one or 
more properties of a target such as the metallurgical sta- 
tus, structural integrity, dimensions, and/or temperature, 
through the use of ultrasonic energy that is induced 
within the target and the use of an optical system for 10 
detecting a corresponding motion of the surface of the 
target. 

BACKGROUND OF THE INVENTION: 

is 

The generation of elastic waves in a target is a well- 
characterized phenomenon. It is known that when tran- 
sient changes in the structure of a target occur, elastic 
waves are generated both on the surface and in the bulk 
of the target Referring to Figs. 1a-1d, there are four 20 
types of waves which can propagate in a target, such as 
a solid 1 , namely longitudinal, shear, Rayleigh or surface, 
and Lamb waves (shown in Fig. 10a). The longitudinal 
and/or shear waves travel only through the bulk of the 
solid, with the longitudinal waves having a velocity that 25 
is approximately twice that of the shear waves. The 
Rayleigh waves travel only on the surface of the solid with 
velocities slightly less than that of the shear waves. The 
Lamb waves are supported by and propagate through 
very thin solids, and may be used to measure the thick- 30 
ness of the solid 1 . Longitudinal bulk waves and shear 
bulk waves have been extensively used for the detection 
of flaws, measurements of elastic properties of solids, 
and for the monitoring of phase transitions, such as 
occurs when a molten metal solidifies. It is also well- 35 
known to measure the temperature of the solid 1 , as the 
temperature effects the velocity of the waves within the 
solid. 

A number of different types of transducers have 
been employed to generate elastic or ultrasound wave 40 
energy in solids. Of most interest herein is the use of a 
laser (e.g., impulse laser 2) to generate ultrasound 
waves, coupled with the use of a detection laser 3, such 
as is found in an optical interferometer, to detect a move- 
ment of the surface of the solid 1 in response to the prop- 45 
agating ultrasound waves. 

For example, by synchronizing the operation of the 
interferometer 3 with the firing of the impulse laser 2, and 
by determining a difference between the impulse laser 
firing time and the time that the wave is detected, the so 
velocity of the wave in the solid 1 can be determined; so 
long as the distance d is known between the spot where 
the impulse laser beam 2a impinges and where the 
detection laser beam 3a impinges. The determined 
velocity, or lime of flight*, may then be correlated with 55 
some property of interest of the solid, such as the struc- 
ture of the solid or the temperature of the solid. For the 
cas where the impulse laser beam 2a and the detection 
laser beam 3a are directed to opposite sides of the solid. 



as in Fig. Id. it is possible to measure the thickness of 
the solid. The thickness can also be measured, with the 
impulse and detection laser beams impinging on the 
same side, if the solid is thin enough to support a Lamb 

wav . 

A representative, but not exhaustive, list of U.S. Pat- 
ents in this and related technical areas include the fol- 
lowing: U.S. Patent 3,601,490. issued 8/24/71 to K. 
Erickson and entitled "Laser Interferometer"; U.S. Patent 
3.694,088, issued 9/26/72 to J. Gallagher et al. and enti- 
tled "Wavefront Measurement"; and U.S. Patent 
4,633,715. issued 1/6/87 to J. Monchalin and entitled 
"Laser Heterodyne Irtterferometric Method and System 
for Measuring Ultrasonic Displacements". 

Also of interest is U.S. Patent 5,286,313. issued 
2/15/94 to Thomas J. Schultz, Petros A. Koticfis (an 
inventor of the subject matter of this patent application), 
Jaime A. Woodroffe (an inventor of the subject matter of 
this patent application), and Peter S. Rostler. The subject 
matter of this US. Patent entitled "Process Control Sys- 
tem Using Polarizing Interferometer", is incorporated by 
reference herein. The preferred embodiment of the sys- 
tem described in this patent employs an XeCI impulse 
laser in combination with a Helium-Neon-based polariz- 
ing interferometer to provide, by example, remote detec- 
tion of a temperature of a workpiece. 

One intended operating environment for this type of 
system is in a metals fabrication and/or treating facility. 
As can be appreciated, and because of the ambient heat, 
vibration and airborne particulate matter that is typically 
found in this type of environment, severe demands and 
operating stresses are placed on the interferometer and 
its associated detection laser and optical elements. 

Another important consideration is the cost of the 
system, as an industrial application may require the use 
of a number of materials analysis systems. That is, it is 
desirable to provide a rugged, compact and low cost sys- 
tem without compromising measurement accuracy and 
repeatability. 

Although the system described in U.S. Patent 
5.286,313 is well-suited for use in its intended applica- 
tion, it is an object of this invention to provide an improved 
laser ultrasonics materials characterization and analysis 
system. 

SUMMARY OF THE INVENTION 

This invention provides an interferometric-based 
laser ultrasonics materials analysis system that is 
improved over known types of systems. This is achieved 
through a novel combination of laser beam shaping and 
pointing techniques, the use of a low cost, rugged, and 
compact diode laser assembly as a detection laser, var- 
ious techniques to optimize the system for use with the 
diode laser-based detection laser, and the use of signal 
processing techniques that compensate for inherent 
instabilities and short-term drift in the diode laser. In 
addition, matched filt r processing t chniques are dis- 
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closed for processing interferometrically-obtained data 
points from a target being analyzed. 

Also disci sed rs a method and apparatus for inter- 
ferometrically monitoring a target to determine, in 
accordance with predetermined criterion, the occur- s 
rence of a period of time that is optimum for obtaining a 
data point. In response to detecting such a period an 
impulse source, such as an impulse laser, is triggered to 
launch an acoustic wave within the target so that a data 
point can be obtained. A plurality of data points so 10 
obtained are subsequently processed, such as by the 
matched fBter technique, to determine a property of inter- 
est of the target. The property of interest may be, by 
example, the temperature of the target or the metallurgi- 
cal status of the target 15 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above set forth and other features of the inven- 
tion are made more apparent in the ensuing Detailed 20 
Description of the Invention when read in conjunction 
with the attached Drawings, wherein: 

Figs. 1a-1d generally illustrate various types of 
waves that may be supported within a solid and var- 25 
bus configurations of impulse and detection lasers 
for generating and detecting these waves; 

Fig. 2 is a block diagram of a laser ultrasonics mate- 
rials analysis system in accordance with this inven- 30 
tion; 

Fig. 3 is an elevational view of one embodiment of a 
laser ultrasonics system constructed in accordance 
with this invention; 35 

Fig. 4. is top view that illustrates a component place- 
ment and layout of an optical head portion of a sys- 
tem embodiment that is similar to that of Fig. 3; 

40 

Fig. 5 illustrates a transfer function of a polarizing 
interferometer that uses two detectors 90° out of 
phase; 

Fig. 6 illustrates exemplary received signals gener- as 
ated by the polarizing interferometer of Fig. 2, and 
is useful in describing a 'trigger-on-demand' mode 
of operation; 

Fig. 7a is a cross-sectional view of an axicon used so 
for impulse laser beam shaping in accordance with 
a first embodiment of this invention; 

Figs. 7b and 7b* are each a cross-sectional view of 
a waxicon used for impulse laser beam shaping in ss 
accordance with a second embodiment of this inven- 
tion; 



Figs. 7c-7e illustrate various impuls beam shapes, 
and their relationship to a probe beam, in accord- 
ance with the invention; 

Fig. 8a is a front-facing view of a presently preferred 
embodiment of a beam-steering mirror that is used 
for directing an annular impulse beam and a spot 
probe beam in accordance with an embodiment of 
this invention; 

Fig. 8b is a block diagram of an automatic beam 
steering system in accordance with an aspect of this 
invention; 

Fig. 9 is a block diagram showing a sub-system of 
the controller of Fig. 2 used for triggering the impulse 
laser of Fig. 2 at an optimum point on the transfer 
function of Fig. 5; 

Fig. 10a is a cross-sectional view of a thin solid and 
illustrates, not to scale, an exemplary Lamb mode 
being supported by the solid; 

Fig. 1 0b is graph that plots shear mode velocity ver- 
sus thickness for a solid, and shows the conver- 
gence of the dispersive S 0 and Aq Lamb modes into 
Rayleigh surface waves; 

Fig. 10c is a graph that illustrates a difference in 
propagation velocity of the S D and the Aq Lamb 
modes; 

Fig. 1 1a is a block diagram showing a first embodi- 
ment of a signal processing sub-system of the con- 
troller of Fig. 2; 

Fig. 11b is a block diagram showing a second 
embodiment of a signal processing sub-system of 
the controller of Fig. 2; 

Fig. 12 is a cross-sectional view of a rapid thermal 
processor (RTP) system that is constructed and 
operated in accordance with this invention; 

Fig. 1 3 is a top view of a furnace showing the system 
of this invention being used to examine boiler tubes 
for hot spots; 

Fig. 14 is flow chart of a method of this invention; 

Fig. 15 is a graph illustrating a phase change that 
occurs in the making of steel, and which is detecta- 
ble by the system of the invention; 

Fig. 16 is a simplified cross-sectional view of a laser 
diode assembly in accordance with an aspect of this 
invention; and 
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Fig. 17 is a flow chart of a method of this invention 
that employs the determination of the TOFs of both 
longitudinal and shear waves. 

DETAILED DESCRIPTION OF THE INVENTION 

Fig. 2 is a block diagram of a presently preferred 
embodiment of a laser ultrasonics materials analysis 
system 10 that is constructed and operated in accord- 
ance with this invention. The system 10 generally oper- 
ates by launching an elastic wave within a target, sensing 
a surface displacement of the target due to the elastic 
wave, and then correlating the sensed displacement with 
a value of a property or properties of interest As 
employed herein an elastic wave is intended to also 
encompass an acoustic wave. Also as employed herein 
a target may be a solid, a semi-solid, or a liquid. 

A system controller 1 2, such as an embedded micro- 
processor or an externally connected computer or work- 
station, includes a user interface 12a that includes, by 
example, a touchscreen and/or a conventional keyboard 
and/or a pointing device (e.g., mouse) in combination 
with a graphical display device through which a user is 
enabled to interact and direct the operation of the system 
10. An impulse laser 14 is controlled by the controller 14 
to provide an impulse beam 14a to the surface of an 
object, hereafter referred to as a target 16 (the target 
forms no part of the system 10, and is shown only for 
completeness). The impulse beam 1 4a causes a local- 
ized heating of the target 16 and launches an elastic 
wave within the target as described previously. A dis- 
placement of the surface of the target 1 6 due to the elas- 
tic wave is detected by a polarizing interferometer 1 8 that 
is constructed and operated in accordance with this 
invention. 

The interferometer 18 includes a detection laser 20 
which, in the presently preferred embodiment of the 
polarizing interferometer 18, includes a diode laser 22. 
The diode laser 22 provides high power (>1 OOmW) along 
with the combined characteristics of small dimensions, 
low cost (relative to more conventional detection lasers 
such as the He-Ne). and a long coherence length (i.e., 
narrow bandwidth). Commercially available diode laser 
systems can provide >1 OOmW of power with bandwidths 
that range from 10 MHz to less than 10KHz. The selec- 
tion of a particular diode laser for use in the system 10 
is a function of the required power, coherence length, 
wavelength, system compactness, and cost. Included 
with the detection laser 20 is a conventional Faraday 
rotator (not shown) to prevent any reflected laser light 
that returns from the target 1 6 from effecti ng the perform- 
ance of the diode laser 22. Although the operating char- 
acteristics of the interferometer 18 ensure that the 
returned laser light intensity is very small, even a small 
amount of returned laser light can adversely effect the 
wavelength characteristics of the laser diode 22. The out- 
put of the detection laser 20 assembly is a source beam 
20a. 



Reference is now made to Fig. 16 for illustrating a 
novel and preferred diode laser assembly 21. it is first 
pointed out that some diode lasers have been conven- 
tionally stabilized by an external cavity formed by a grat- 
5 ing mounted in a Lrttrow configuration. The first order 
reflection off the grating provides feedback into the laser 
cavity and the zero order reflection provides the output 
coupling. 

The diode laser assembly 21 of Fig. 16 employs a 
io novel technique for mounting and aligning a grating 
which is very stable (thermally and mechanically), and 
at the same time inexpensive to manufacture and simple 
to construct 

A laser diode 21a and a collimating lens 21b are 

75 mounted on an end of a support structure (e.g. , a tube 
21c made from stainless steel or some other suitable 
rigid material). By example, the tube 21c has a length of 
six inches and a diameter of two inches. The diode laser 
21a has an anti-reflection (AR) coating on its output facet 

20 to eliminate facet modes which would conflict with exter- 
nal modes established by a grating 21d. The grating 21d 
is mounted on a fixed angle pedestal 21 e, the angle (60 
of which is selected to provide a desired operating wave- 
length of the laser diode 21a. By example, if a 1800 

25 groove per millimeter grating is used, the accuracy of the 
machined angle required for tuning the laser diode emis- 
sion to ±1 nm is approximately ±0.8 degrees, a value well 
within simple machining tolerances. 

Since the tuning range of the diode laser 21 a is large 

30 (10's of nm) the angle of the tuning axis (in the plane of 
the drawing) is not critical and, thus, no adjustment 
mechanism is necessary (although one may be provided 
if desired). However, the angle out of plane (the align- 
ment axis AA) cannot be readily machined to sufficient 

35 accuracy. As a result, this angle is adjusted by rotating a 
wedge 21 f about the axis approximately parallel to the 
laser beam. The wedge 21 f is positioned between the 
diode laser 21a and the grating 21 d and functions to 
change the angle of the laser beam, The wedge 21f is 

40 supported by a rotation stage mount 21 g. In Fig. 1 6 the 
angle e 2 is the Littrow angle associated with the grating 
21d, and the optical cavity external to the diode laser 21 a 
extends generally to the face of the grating 21d. 

If the wedge 2 1 f is initially rotated so that the def lec- 

45 tion produced is in the same plane as the incidence plane 
on the grating 21 d, then small rotation angle changes of 
the wedge 21 f will have very little impact on the tuning 
angle, while allowing sufficient control on the alignment 
axis angle. As an example, if a 10 degree quartz wedge 

50 isused, a 10 degree rotation of the wedge 2 1f will result 
in a 0.8 degree change in the alignment axis, with only 
a 0.9 nm change in the tuned wavelength. 

The wedge 21f is preferably anti-reflection coated to 
minimize cavity losses, and is also tilted with respect to 

55 the beam axis so that reflections off either wedge surface 
will not go back into the laser diode 21a. 

Referring again to Fig. 2, the source beam 20a is 
provided to a beam expander 24. The characteristics of 
the beam expander 24 directly impact the light collecting 
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power of the sensor system described below. In general, 
the larger the beam diameter, the larger the return 
specWe size, and thus the greater is the fraction of the 
total returned power that is available to interference sig- 
nal generation. ff 

The beam expander 24 can be placed either before 
or after a polarizing beam splitter 28 that is described 
below. Placing the beam expander 24 after the beam 
splitter 28 has the advantage that the interferometer 
optics can be made smaller and also independent of the 10 
expansion ratio of the beam expander 24. However, plac- 
ing the beam expander 24 at this position requires that 
the detection or probe beam (PB) 28b pass through the 
beam expander 24 twice. As a result, the quality (cost) 
and alignment of the beam expander 24 becomes impor- is 
tant to the overall operation of the system 10. As such, 
and although it is preferred to place the beam expander 
24 before the polarizing beam splitter 28, as illustrated 
in Fig. 2, the teaching of this invention is not so limited. 

The expanded source beam 24a next encounters a 20 
halfwave plate 26 that is located before the polarizing 
beam splitter 28. The halfwave plate 26 provides a mech- 
anism for setting a desired ratio for a reference beam 
(RB 28a) to probe beam (PB 28b) intensity. Varying the 
rotation angle of the halfwave plate 26 rotates the polar- 2s 
ization of the laser beam and, in combination with the 
operation of the polarizing beam splitter 28 that is 
described next, thereby controls the fraction of the beam 
going into the PB 28b and into the RB 28a of the inter- 
ferometer 18. 30 

In accordance with an aspect of this invention the 
halfwave plate 26 may be coupled to a mechanism, such 
as a motor, for imparting a rotary motion to the haffwave 
plate 26. In this embodiment the controller 12 automati- 
cally monitors the signal returned from the target 16 and 35 
controllabry rotates the halfwave plate 26. via signal line 
12b, so as to optimize the relative intensities of the ref- 
erence and probe beams. Alternately, this function can 
be performed by user who monitors a graphical display 
provided by a camera 44 (described below). 40 

The rotated beam 26a that passes through the 
haffwave plate 26 is split into the RB 28a and PB 28b by 
the polarizing beam splitter 28, with the RB 28a and PB 
28b having relative intensities set by the rotation 
imparted by the halfwave plate 26. After the reference 45 
and probe beams 28a and 28b leave the polarizing beam 
splitter 28 each passes through an associated 1/4 wave 
retardation plate 30a and 30t* respectively. Plates 30a 
and 30b are aligned so that both of the RB 28a and PB 
28b are circularly polarized. 50 

The path length of the RB 28a is adjusted to reduce 
the noise in the signal that is detected from a combined 
beam (CB) 28c. The degree to which the lengths of the 
probe leg and the reference leg are matched is a function 
of the bandwidth of the diode laser 22, the fraction of the 55 
signal noise that is attributed to any frequency jitter of 
the diode laser 22, and the impact of the length of the 
reference leg on the overall compactness of the interfer- 
ometer 18. 



Included within the RB 28a leg are a plurality of fold- 
ing mirrors 32a and 32b and a corner cube reflector 34. 
It is important to th operation of the interferometer 18 
that the reference leg return beam be at the same angle 
(opposite direction) as the outgoing reference beam. 
This important goal is achieved in a simple, compact, and 
inexpensive manner using the corner cube 34. In con- 
trast a simple mirror would require careful and precise 
adjustment, and very high quality mounts all along the 
reference path to maintain the alignment. In the presently 
preferred embodiment of this invention these require- 
ments are eliminated by the use of the comer cube 34 
(preferably gold coated and hollow) which terminates the 
reference beam path leg while preserving the polariza- 
tion characteristics of the RB 28a. 

The PB 28b is focussed to a point on the target 16 
using a lens 36 that has a focal length equal to the dis- 
tance to the target 16. That portion of the PB 28b that 
reflects from the surface of the target 1 6 is subsequently 
collimated by the lens 36 as it travels back into the inter- 
ferometer 18. 

The same prism (the polarizing beam splitter 28) 
that is used to split the polarized beam 26a into the RB 
28a and the PB 28b is also is used to recombine the RB 
28a and the returned (reflected) portion of the PB 28b 
into a combined beam (CB) 28c. Because the RB 28a 
and the PB 28b are circularly polarized, and must pass 
back through the 1/4 wave plates 30a and 30b, respec- 
tively, they are again linearly polarized, but at the oppo- 
site orientation than their original linear polarizations. 
Because of this, the CB 28c does not go back toward the 
diode laser 22, but instead is directed into a signal detec- 
tion portion of the interferometer 1 8. 

As was stated, after the RB 28a and the PB 28b are 
combined they are both linearly polarized, but of the 
opposite sense. In order to generate an interference sig- 
nal (detectable interference fringes), a polarizing prism 
or beam splitter 38 oriented at 45° is used to select a 
projection of the polarization axis of each of the RB 28a 
and the PB 28b along a common axis. This results in two 
combined beams whose interference signal is 180° out 
of phase. Either or both of these beams can be used to 
provide the signal necessary for process analysis. For 
example. Fig. 5 illustrates the use of two photodetectors 
(PD-1 and PD-2) for detecting two combined beams. A 
combined beam focussing lens 40 is used to focus the 
CB(s) 28c onto a radiation sensitive surface of one or 
more photodetectors 42. The lens 38, in combination 
with an aperture 41 , can also be used to spatially block 
out light other than that of the combined beams from 
impinging on the photodetector 42. 

The photodetector 42 may be provided in a number 
of suitable forms, depending on performance character- 
istics. Both conventional photomurtiplier tubes and 
hybrid photodiode/amplifiers are suitable embodiments 
for detecting the light and dark pattern that results from 
the interference of the RB 28a and the returned portion 
of the PB 28b within th CB 28c. The output fthedetec- 
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tor 42 is provided to the controller 1 2 for signal process- 
ing in the manner described below. 

An optional camera 44 is primarily used as a diag- 
nostic tool. i.e.. the camera 44 useful for optimizing the 
detected signal when an operator is setting up and con- s 
trolling the system 1 0. For example the camera 44, which 
may be a conventional CCD device that provides an out- 
put to a display monitor of the user interface 12a, pro- 
vides visual feedback to the operator for best signal 
return, which implies a best pointing angle to the target w 
16. However, in one embodiment of the invention an 
automatic beam steering system performs this function 
without operator intervention. The camera 44 may also 
be used for alignment of the signal and reference beams. 
The camera 44 can also be employed to determine the is 
relative intensity of the reference and signal beams and, 
based on the indicated intensities, the operator is ena- 
bled to rotate the halfwave plate 26 to achieve an opti- 
mum intensity distribution for optimum fringe contrast. 

It should be realized that if the camera 44 is elimi- 20 
nated a second photodiode 42 can be installed in its 
place. The use of a second photodiode 42 enables a 
square and add signal processing technique to be used 
as described in U.S. Patent 5,286,31 3, which has been 
incorporated by reference herein. 25 

Fig. 3 depicts an elevationai view of the system 10, 
and shows a bulkhead-mounted optical head 11, a base 
unit 13. and the controller 12. The optical head 11 is con- 
structed to have a slide-in unit 11a that contains the 
impulse laser 14, the interferometer 18, and all associ- 30 
ated electronics and controls. Preferably, the optical 
head 1 1 includes a jacket 11b through which a cooling 
fluid (e.g., water) is flowed during the operation of the 
system 10. The slide-in unit 1 la is thermally coupled to 
the water jacket 11b when inserted into the head 11, 35 
which thereby functions to remove the heat that is gen- 
erated by the operation of the lasers and associated 
electronics, although a primary function of the water 
jacket 1 1 b is to remove the external heat load during high 
temperature operation. The base unit 13 contains all 40 
required power supplies and provides, via cabling 13a 
and 13b, an interface to the controller 12. In a further 
(unillustrated) embodiment of the invention the optical 
head is instead tripod-mounted and may not be water- 
cooled. 45 

Fig. 4 is a top view of an exemplary embodiment of 
a slide-in unit 1 1a that is suitable for use in the above- 
mentioned tripod-mounted embodiment of the invention. 
A baseplate 50 provides a rigid support for mounting all 
of the required lasers and optical components. The so 
impulse laser 14 has its output connected to a variable 
beam attenuator 50 and to a beam-shaping negative axi- 
con 52a (Fig. 7a). The negative axicon 52a provides, in 
accordance with an aspect of this invention, a ring- 
shaped annular impulse beam 14a for impinging on the 55 
target 1 6. In another embodiment of the invention a wax- 
icon 52b (Figs. 7b and 7b') is employed instead. One dif- 
ference between these embodiments is that th negative 
axicon 52a works in transmission, while the waxicon 52b 



works in reflection. A second difference is that the use 
of the waxicon shortens the beam path. 

The shaped impulse beam is folded by mirrors 54, 
56, 58 and combiner 60 before being provided to rotat- 
ably mounted beam steering mirrors 62 and 64, con- 
nected to a motor 64a, which direct the impulse beam 
14a towards the target 16 at a controlled and optimum 
angle. This aspect of the invention is described in detail 
below with regard to Figs. 8a and 8b. 

The detection laser 20 is provided as a modular unit 
that includes the laser diode 22 and an ©eternally 
mounted resonant cavity for narrowing the bandwidth of 
the laser diode 22. It is also preferred to use an antire- 
f lection (AR) coating to eliminate any internal modes of 
the laser diode. It is further preferred to employ a current 
control technique that uses a photodiode detector to 
sense any instability in the output of the laser diode 22 
and. in response, that perturbs the laser diode current 
by some predetermined amount (e.g., 0.1% - 1%). The 
laser diode 22 is operated as a continuous duty device. 
That is, and as will be made apparent below, an interfer- 
ence signal from the target 1 6 is available whether or not 
the impulse laser 14 is being triggered. A preferred 
embodiment of a diode laser assembly is illustrated in 
Fig. 16 and was described previously. 

The output of the laser diode 22 is provided via mir- 
rors 66 and 68 to the aforementioned Faraday rotator 70 
and then to the halfwave plate 26 (beam polarization 
rotator). In this embodiment of the invention the beam 
polarization rotator 26 is positioned in front of the beam 
expander telescope 24. Coupled to the output of the 
beam expander telescope 24 is the polarizing beam split- 
ter 28. The output of the beam splitter 28 impinges on a 
mirror 72 from which it is directed to an optical path 
wherein the beam is folded a number of times between 
a mirror 74 and reflectors 76 and 78. The probe beam 
28b is output along with the impulse beam 14a towards 
the target 16 via the beam steering mirrors 62 and 64. 

The folding of the probe beam between mirrors 74, 
76 and 78 is an aspect of this invention related to the use 
of the diode laser as the detection laser 20. The coher- 
ence length of a typical diode laser is in the range of 30 
meters to 40 meters. For an unequal path length inter- 
ferometer (wherein a difference between the probe beam 
path length and the reference beam path length is large), 
this would imply that suitable interferometric detection 
would occur. However, there still may be sufficient fre- 
quency jitter to contaminate the measurement of small 
displacements of interest. This is overcome in the sys- 
tem 10 by path matching the probe beam path to the ref- 
erence beam path with the mirrors 74, 76 and 78 to 
provide an equal or approximately equal path length 
interferometer and a significant increase in the SNR. 
This path matching is used in combination with the grat- 
ing 21d (Fig. 16), the Faraday rotator, the beam expand- 
ing telescope 24, and the focussing lens 36 (to provide 
at least one bright speckle), in order to optimize the inter- 
ferometer 18 for use with a diode laser as the detection 
laser. 
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Referring again to Fig. 4 the components 80 and 82 
are shutters. Also shown is the camera 44, the photode- 
tector42 and, in dashed outline 84, a support electronics 
package. As can be appreciated, the impulse laser sys- 
tem and the interferometer 18 are provided in a small 
area and the beams are tightly folded to minimize the 
required mounting area. 

It is within the scope of the invention to provide the 
impulse beam 14a with a shape that corresponds to a 
ring, a line, or a point The ring-shape is preferred (using 
the negative axicon 52a or the waxicon 52b). but there 
are many applications where the other shapes become 
important. The probe beam 28b is preferably tightly 
focussed to a diffraction limited spot For the annular 
ring-shape of the impulse beam 14a the probe beam 28b 
is located at the center of the ring (Fig. 7c), and the time 
of flight (TOF) of the elastic wave launched by the IB 1 4a 
is measured across the racfius of the ring, For the line 
and point impulse beam shapes the probe beam 28b is 
separated by a fixed distance d, for example 0.5" to 1", 
away from the impulse beam 14a (see Figs. 7d and 7e, 
respectively), and the TOF is measured across the dis- 
tance d. 

An important aspect of the design of the negative 
axicon 52a used in this invention is that the conical sur- 
face rs concave. The same impulse laser ring-shape on 
the target can be obtained with a convex surface (posi- 
tive) axicon, but immediately after the axicon there will 
be a caustic focus which creates a line-shaped zone of 
intense laser f luence which can cause damage to optics 
placed in its path. The length of this zone extending from 
the axicon is a function of the angle of the axicon and the 
diameter of the impulse beam, and can extend several 
inches. With the concave surface axicon there is no limit 
on how close subsequent optics can be placed. As such, 
the use of the concave surface axicon is preferred, 
although the teaching of this invention is not limited to 
only this configuration. 

A problem that arises during the use of an axicon is 
that the impulse beam 14a ring diverges and the diam- 
eter of the ring on the target will vary as a function of 
distance to the target. Such a situation is unacceptable 
as the system 1 0 would not operate correctly with moving 
or vibrating targets because the target distance, and thus 
the diameter of the IB 14a ring, will change continuously. 
In this case the time of arrival of the elastic waves at the 
location of the PB 28b will also be continually changing, 
and there would be no way to distinguish between a 
change in the arrival time due to the target motion (a 
change in ring diameter) or that due to a change in a 
property of the target (a change in elastic wave arrival 
time). 

This problem is overcome i n the system 1 0 by ensur- 
ing that the ring-shaped IB 14a exiting the head 1 1 is of 
constant diameter and is not expanding (diverging) or 
converging. This is achieved by causing the impulse 
beam 14a to travel a predetermined distance within the 
head 1 1 before it is focused onto the target 16. The pre- 
determined distance is approximately equal to the dis- 



tance of the head 1 1 to the target 16, and is achieved 
through the use of adjustable path length folding optics 
represented by the components 54, 56, 58. 60 and 62 of 
Fig. 4. 

s The optical properties of the reflective waxicon 52b 

of Figs. 7b and 7b' also solve this problem of impulse 
beam divergence or convergence and provide an 
impulse beam ring of constant diameter, while reducing 
or eliminating the requirement to provide the extended 

io light path inside the head 1 1 . As a result, the use of the 
waxicon 52b is desirable to reduce the volume of the 
head 11. 

Referring now to Figs. 7b and 7b' there is illustrated 
one suitable embodiment of the waxicon 52b. The wax- 
's icon 52b is comprised of a substrate 53. such as alumi- 
num, having a diamond machined reflective surface 53b 
(A/4). A suitable diameter is three inches, and a suitable 
maximum thickness (TH) is one inch. A suitable value for 
angle is 45°, while a suitable value for angle e 2 is 
20 approximately 45.3°. In response to an input beam 53c 
having a diameter of approximately 18 mm an annular 
output beam 53d is generated with a diameter (BD) of 
approximately two inches. Other materials, dimensions 
and angles may be employed, depending on the require- 
25 merits of a particular application. 

As has been previously indicated, the impulse beam 
14a and the probe beam 28b may be located on the 
same side of the target 16 or, with additional reflectors 
and path optics, on opposite sides of the target 16. 
30 The stability of the probe beam 28b is determined 
by the duration of a time interval during which the wave- 
length of thedetection laser 20 can shift by no more than 
a predetermined maximum quantity or number of wave 
numbers. In the preferred embodiment of the invention 
35 the maximum quantity or number of wave numbers cor- 
responds to a frequency in the range of 10 kHz to 100 
kHz. However, this stability requirement is at or beyond 
the limit of the capabilities of currently available laser 
diode systems, or of most if not all types of laser systems 
40 that would be required to operate in the adverse environ- 
ments within which the system 10 may be required to 
operate. 

What makes the measurement of the minuscule tar- 
get surface displacements possible is the fact that the 

45 detection beam is required to be stable for only a short 
period of time, e.g.. 10 jisec at most, which corresponds 
to the time required to fire the impulse laser 1 4 and obtain 
a reading from the photodetector 42. In other words, this 
short term stability feature would be of little or no interest 

so to a conventional user of diode lasers, but is exploited to 
its maximum potential in the system 10 if this invention. 

In order to accommodate the different wavelengths 
of the diode laser 22 and the impulse laser 14, and still 
maintain the compactness of the head 1 1 , a combination 

55 of mirrors 62 and 64 is employed to steer both beams (it 
being remembered that the impulse beam 1 4a may be a 
ring with the PB 28b at its center). 

As is shown in Fig. 8a, preferably the beam steering 
mirrors (actually the combination of the minors 62 and 
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64) have a reflective "patch" in their center, i.e., a small 
area 64a that is coated with a metal (e.g., gold) to reflect 
the PB 28b (which is in the infrared spectrum), while the 
remainder of the surface of the mirror 64 has a conven- 
tional dielectric coating 64b to reflect the impulse beam 5 
14a, which may be in the green portion of the visible 
spectrum. Since the energy flux of the impulse beam 1 4a 
is quite high, providing a dielectric coating is desirable to 
avoid optical damage. In addition, the PB 28b must main- 
tain its polarization during reflections, and hence the w 
metallic (gold) patch 64a is preferred over a conventional 
dielectric-coated mirror, which will induce a change in 
polarization. The use of specific reflection materials and 
dielectric coatings can be generalized to whatever com- 
bination is appropriate for the wavelengths that are being is 
used. 

In this regard the choice of the IB 14a and the PB 
28b wavelengths is not random, and there are several 
criterion involved iri a specific choice of wavelengths. For 
example, the laser light interaction with the target surface 20 
is wavelength-dependent, and it has been found that 
metal targets respond best to green or ultraviolet (UV) 
wavelengths for the IB 14a. However, many composite 
materials give optimum results with IB 1 4a wavelengths 
in the far infrared. In addition, the sensitivity of the pho- 25 
todetector 42 is a function of the wavelength of the CB 
28c and, hence, the emission wavelength of the laser 
diode 22. 

While the system 1 0 is observing a target with a very 
diffuse reflectivity (near Lambertian), it is not critical that 30 
the viewing axis is normal to the surface. In fact, the 
intensity is still 50% of its peak value when the viewing 
axis is 45 degrees off normal. There are, however, sur- 
faces such as those associated with non-polished metal- 
lic materials where the intensity drops of much faster as 35 
a function of angle. The intensity may drop to 10% of its 
peak value in a range of 1 to 10 degrees. For these sit- 
uations it is desirable to provide an automatic system 
which adjusts the beam angle (preferably both impulse 
and probe) to stay near normal to the surface. This is 40 
important for applications such as viewing a moving strip 
in a metals processing plant where a common twisting 
motion of the strip can change the angle by as much as 
± 10 degrees. 

Referring to Fig. 8b this is accomplished by providing 45 
an alignment laser 65a, such as a diode laser operating 
at 670nm (i.e. different wavelength from the wavelength 
(e.g., 830 nm) of the interferometer probe laser 20). The 
output of the alignment laser 65a passes through a lens 
65b which is selected so that the beam coming out of the so 
instrument illuminates a spot on the target which, relative 
to the position of the instrument window, subtends an 
angle larger than the possible angular variation of the 
target 1 6. The alignment beam from alignment laser 65a 
is combined with the PB 28b from detection laser 22 ss 
using a dichroic beam splitter 65d. The dichroic beam 
splitter 65d reflects the alignment laser beam AB but 
transmits the PB 28b. Alignment laser light returning 
from the target 16 is imaged onto a position sensitive 



detector 65e with an imaging lens 65f. One suitable 
embodiment for the detector 65e is a well known silicon 
quadrature detector. The imaging lens 65f is selected to 
have the beam spot on the target imaged to about the 
same size as the detector 65e. A 50/50 beam splitter 65c 
provides a simple method to both reflect out the align- 
ment laser, and pass the returning beam (returning on 
the same axis AB) to the imaging lens 64f and the detec- 
tor 65e. Although half the intensity is lost on the outgoing 
path and half on the incoming path, this technique is sim- 
pler and less expensive than using a polarizing beam 
splitter and quarter wave plate to eliminate these losses. 
However, target reflectivities are low, or available align- 
ment laser powers are too low, this more involved tech- 
nique can be used. 

If the target 16 is very diffuse thai the intensity Dis- 
tribution on the detector 65e is very similar to that of the 
alignment laser-produced spot on the target 16. If the 
reflectivity drops of quickly with angle there will be a 
bright spot within the image on the detector 65e. If the 
viewing angle is normal to the surface of the target 16, 
this bright spot will be centered within the image on the 
detector 65e. The intensity information from the detector 
65e is provided to closed loop control circuitry (not 
shown) which drives xy tilt mechanisms 65g on steering 
mirror 64 to bring the bright spot to the center of the 
image on the detector 65e. By subsequently employing 
the xy tilt mechanisms 65g to maintain the spot at the 
center of the image received by detector 65e, the probe 
and impulse beams 28b and 28a are maintained normal 
to the surface of the target 1 6, which is the desired result. 

Some materials, such as roiled aluminum, have dif- 
ferent reflectivity angular distributions for the axis along 
a strip relative to the axis perpendicular to the strip. This 
may necessitate greater sensitivity along one axis com- 
pared to another. This can be accomplished by using an 
elliptical spot on the target 16 (minor axis in the direction 
of greater required sensitivity) and providing the lens 651 
as one or more cylindrical I enses to image the orthogonal 
axis of the ellipse separately on to the detector 65a The 
cylindrical lenses function to create a circular spot on the 
detector 65 e. 

The transfer function of a two detector polarizing 
interferometer 18 is shown in Fig. 5. For a given target 
16 surface displacement (x-axis), the interferometer 18 
generates a signal (y-axis) given by the illustrated sinu- 
soidal curves. Fig. 5 shows the transfer functions for two 
photodetectors 42 that are 90° apart in phase, although 
it should be realized the system 1 0 may operate with one, 
two, or even more photodetectors 42. What should be 
evident from this transfer function is that the most sensi- 
tive, and hence the most desirable and optimum points 
of operation are at the maximum slopes, i.e.. points E, 
C, F, D. 

An interferometer may use vibrating mirrors or other 
moving parts to adjust or dither the reference leg of the 
interferometer so as to force the system to operate at 
such points. However, this approach may not be desira- 
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ble for all applications in that it adds to the overall com- 
plexity and cost of the system. 

In accordance with a further aspect of this invention 
the system 1 0 operates at these optimum points, without 
the use of moving optical components, by an algorithmic s 
technique that results in the triggering of the impulse 
laser 14 only at times when the signal received from the 
photodetector(s) 42 is optimum. 

Fig. 6 shows a typical signal received from a target 
1 6 (moving in this case, but static targets have a similar io 
response). As shown, there are "bursts" of sinusoidal sig- 
nals designated as A, D, and C. interspersed with regions 
B of little or no sensitivity (flat line). The bursts occur, 
typically, over a time (t) of two to four milliseconds. 

The regions A. B and C represent 'poor signal is 
regions, while the region D represents a 'good' signal 
region, i.e., lowfrequency target motion and a high signal 
amplitude. 

The poor region A exhibits a high signal amplitude, 
but also has a high frequency of target motion. The exist- 20 
ence of the region A is usually due to target motion and, 
in most cases, regular environmental vibrations that 
cause oscillations of low frequency. It is important to note 
that these oscillations are not of the same frequency as 
the environmental vibrations, but instead represent the 25 
number of wavelengths per unit time received by the 
interferometer 1 8. For example, a low frequency, but very 
large amplitude, external vibration can cause the target 
16 to move by marry millions of wavelengths in a very 
short time. On the other hand, the same condition can 30 
be caused by a high frequency, but low amplitude vibra- 
tion. If the frequency of these wavelengths reaches the 
useful data range (for example, 300 kHz to 2 MHz), then 
no subsequent filtering action can separate the desired 
signal from the external vibrations. The situation may be 35 
referred to as "frequency poisoning". 

The existence of the regions B of Fig. 6 can be attrib- 
uted to one or more of the following: (a) no return light, 
hence no interference, which can be caused by receiving 
a dark speckle from the target 1 6 (light and dark speckles 40 
are randomly distributed); and (b) no interference due to 
a tack of diode laser 22 coherence, which can be caused 
by instability in the laser operation or signal/reference leg 
path differences being larger than the coherence length 
of the diode laser 22. 45 

The region C exhibits a low frequency of target 
motion, but also has a low signal amplitude. This can be 
due to a lack of contrast in the interference fringes or by 
an insufficient amount of returned light. 

In the regions A, B and C of Fig. 6 any obtained data so 
would not be acceptable, and it is thus desirable to inhibit 
the taking of data with the interferometer 1 8 during these 
times. 

In accordance with this aspect of the invention the 
system 1 0 operates with an impulse laser 1 4 Trigger on 55 
demand" (TOD) technique that triggers the impulse laser 
14, and hence collects data, only during a period of 
reception of a "good" signal (i.e., region D of Fig. 6). 



Referring to Fig. 9, the controller 1 2 includes a band- 
pass filter 90 that is coupled to the photodiode (PD) 42. 
When operating in the Rayleigh mode the desirable sig- 
nals are generally in the range of approximately 1 -5 MHz, 
while when operating in the Lamb mode the desirable 
signals are generally in the range of approximately 100 
kHz to 1 MHz. The output of the filter 90 is connected to 
an envelope detector 92 and to a zero crossing detector 
94. The envelope detector 92 determines the amplitude 
of the bursts received from the photocfiode 42. while the 
zero crossing detector 94 detects the zero crossings 
and, hence, the frequency component of the sinusoidal 
bursts. An analyzer 96 monitors the output of the enve- 
lope detector 92 and the output of the zero crossing 
detector 94 to determine a condition wherein both the 
burst amplitude and frequency indicate that a 'good* 
burst is occurring; The occurrence of such a good burst 
indicates a lack of ail or most of the undesirable condi- 
tions described in conjunction with the regions A, B and 
C or Fig. 6 (e.g., loss of laser diode coherence, unac- 
ceptable target motion, the reception of a dark speckle, 
etc.). The analyzer 96 then triggers the impulse laser 14 
to initiate a measurement during the remaining period of 
the good burst This trigger point (TP) is indicated in the 
region D of Fig. 6. 

Not only is the trigger point initiated during the good 
burst, but the timing of the trigger may also be selected 
so that an expected elastic wave detection will occur at 
or near an optimum point on the sinusoidal signal. 

By example, and referring also to Fig. 5. if the 
expected TOF is approximately 1/4 of the period of the 
sinusoidal signal then the TP occurs at a point corre- 
sponding to point A in Fig. 5, which results in the 
launched elastic wave passing under the probe beam 
28b at or about the optimum measurement point C on 
the sinusoid. Of course, any latencies in the operation of 
the impulse laser 14 are also considered, and the initia- 
tion of the trigger 96a is adjusted accordingly. Typical 
latencies are in the range of 100 fisec to 200 fisec. 

It should be realized that the functions depicted in 
Fig. 9 may be executed wholly or partially by a suitably 
programmed processing device. 

Thus, and referring to Fig. 14, in accordance with a 
method of this invention there are performed the steps 
of (A) detecting the envelope of the received signal to 
determine the amplitude of the sinusoidal oscillations; 
(B) detecting zero crossing points of the sinusoidal oscil- 
lations to identify the frequency of the burst; (C) analyz- 
ing the detected amplitude and the detected frequency 
to determine an occurrence of a good burst; and (D) trig- 
gering the impulse laser 14 at an appropriate time in 
order to collect data at the maximum slope operating 
points of the polarizing interferometer 18, i.e.. points E, 
C, F.orDof Fig. 5. 

Irrespective of how the impulse laser is triggered 
(i.e., steps A-D are preferred but not required), the signal 
processing of the received signal proceeds as follows: 
(E) acquiring a trace of signal vs. time; (F) accepting or 
rejecting the data based on criteria of allowable signal 
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noise; (G) squaring the data; (H) accumulating similar 
data traces and combining them by adding the data, or 
by using techniques such as weighted averaging; (0 
using a 'matched filter' to extract a feature of interest from 
the processed signal; (J) calculating the TOF from the 5 
'matched fitter*; and (K) converting the TOF to useful 
properties of the material (such as temperature, metal- 
lurgical status, etc.) by using predetermined calibration 
curves. 

In this regard reference is now made to Figs. 10a- 
10c and 11. The aforementioned Rayleigh waves are 
surface waves associated with relatively thick targets. In 
contradistinction, the Lamb waves are supported only in 
relatively thin targets (e.g., d = up to approximately 0.1"). 
As shown in Fig. 1 0b the Lamb waves are characterized 
by a symmetric mode (S 0 ) and an asymmetric or anti- 
symmetric mode (AJ. The Ao mode is dispersive. The 
Lamb modes propagate through the target in a 
waveguide-like fashion. The S Q mode is typically more 
difficult to observe because it is relatively weak com- 
pared to the Ao mode. As shown in Fig. 10c, these two 
modes travel with different velocities within the target. As; 
the thickness of the target increases there is a smaller 
difference between the velocities until the Rayleigh 
regime (i.e., non-dispersive surface wave mode) is 
entered. 

In accordance with an aspect of this invention the S 0 
and Aq Lamb modes are detected and are employed in 
combination to obtain the temperature of the target 1. 
That is, equations with two unknowns (thickness and 
temperature) are solved based on trie S Q and Ao veloci- 
ties which are detected in response to the application of 
the impulse beam 14a. One particularly useful applica- 
tion is in detecting the temperature of a thin substrate, 
for example a silicon substrate having a thickness in the 
range of approximately 200 to 400 micrometers. An 
embodiment of this application will be described below 
with reference to Fig. 12. 

Reference is now made to Fig. 11a which shows a 
portion of the controller 12 in accordance with one 
embodiment of this invention. In this embodiment a 
matched filter library 100 is employed in conjunction with 
a matched filter processor 102 to determine the thick- 
ness of a substrate. As an example, for the Lamb mode 
case a plurality of wave templates or shapes 100a are 
digitized and stored during a training mode of operation 
using samples of predetermined thickness (100b). The 
stored shapes are each based on a plurality of measure- 
ments taken on a single sample. The measurements are 
preferably filtered and otherwise processed to eliminate 
noise and other artifacts of the measurement process. 
Each stored wave shape 100a thus represents an aver- 
age of the plurality of measurements. The training mode 
is indicated schematically by the switch S1 being in a 
closed position. During the normal mode of operation the 
PD 42 output signal is applied to the matched filter proc- 
essor 1 02 as an input signal. Individual ones of the stored 
shapes 100a are compared to the input signal to deter- 
mine a best match through an autocorrelation technique 



(indicated by the arrow). The best match shape 100a is 
then correlated with its associated thickness 100b. Hav- 
ing determined the thickness of the sample, the temper- 
ature can be determined. 

While a plurality of stored waveshapes 1 00a are pre- 
ferred when operating in the Lamb regime, only a single 
filter shape is normally required when operating in the 
Rayleigh regime. Alternately, when operating in the 
Rayleigh regime a peak detection technique can be 
employed, as described in U.S. Patent 5,286,313. 

Reference is now made to Fig. 11b which illustrates 
a second signal processing embodiment specifically a 
calibration technique for velocity measurements. In gen- 
eral, this is a method to convert the TOF measurements 
to velocity and then to. by example, temperature. This 
technique is especially applicable to thin targets, where 
Lamb modes are used and dispersive behavior is 
observed. Although temperature is used as an example, 
the method can be generalized for other material prop- 
erties. Furthermore, although the TOF of the elastic 
wave is illustrated, this embodiment maybe generalized 
to determine a time varying characteristic (e.g., fre- 
quency, phase, etc.) of the elastic wave. 

The inputs to this signal processing embodiment 
may be manually or automatically generated. For exam- 
ple, the thickness of the target can be automatically 
inferred by the method described in Fig. 1 1a, or may be 
manually inserted from the user interface 12a. 

The inputs are the target thickness 1 04 and material 
type 105. The material type 105 maybe, by example, the 
identification of an alloy. For a single sided configuration 
(see, for example, Figs. 1a and 1b). the separation dis- 
tance (SD) between the impulse beam 1 4a and the probe 
beam 28b may be provided as a constant. Already stored 
in the processor are the following: a library of "matched 
filters" 106 and a library of calibration curves 107. The 
library of calibration curves 107 may represent, by exam- 
ple, velocity vs. temperature (see, for example, Fig. 15) 
or, more generally, one or more ultrasonic pulse or elastic 
wave characteristics vs. material property (e.g., temper- 
ature). The thickness and material type inputs 104 and 
105, respectively, are used to select one of the stored 
matched filters from library 106 and a calibration curve 
from the library 107. Having selected a corresponding 
matched filter from the library 106, the processed data 
waveform is then compared with the selected matched 
filter until a best match is obtained. This is a correlation 
operation that yields the TOF 106a. The TOF 106a is 
then converted to the velocity of the elastic wave based 
on the SD. 

Then, using the calibration curve selected from 
library 107 as a function of the thickness 104 and mate- 
rial type 1 05 inputs, the temperature or some other mate- 
rial property is determined in block 108 and is output as 
a result 109. 

An application of the Lamb mode processing tech- 
nique of this invention is illustrated in Fig. 12. This figure 
generally shows a rapid thermal processing (RTP) sys- 
tem 1 10 which is used for the thermal processing of a 
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silicon wafer 112. A heater module 1 1 4 surrounds a por- 
tion of a process chamber 1 1 6 which is covered by a layer 
of thermal insulation 1 1 8. A lower transfer chamber 120 
enables the wafer 112 to be loaded into and extracted 
from the process chamber 116. After being loaded an 
elevator assembly 122 is used to raise and lower the 
wafer 112 within the process chamber 1 16. A very rapid 
heating (e.g. p 50-100°/sec) of the wafer 1 12 occurs dur- 
ing this process. Also shown in Fig. 12 are various other 
system components such as a process controller 124, 
an elevation motion controller 126, and an associated 
motor/encoder 128 and amplifier 1 30 for raising and low- 
ering the elevator assembly 122. A pyrometer head 132 
is connected via an optical fiber 134 to a pyrometer 136 
for measuring, by emissivity, the temperature within the 
process chamber 1 16. The pyrometer 136 is interfaced 
to the process controller 124 to close the temperature 
control loop. 

In accordance with the invention the RTP system fur- 
ther includes the laser ultrasonics materials analysis sys- 
tem 10 of this invention. The head 1 1 is disposed so as 
to direct the impulse beam 14a and the probe beam 28b 
onto a surface of the wafer 1 12 during the thermal 
processing of the wafer. Because of the thinness of the 
silicon wafer 1 1 2 the Lamb mode of operation (Fig. 1 1 b) 
is preferably utilized to determine the wafer temperature. 
Due to the crystalline nature of the silicon wafer 1 1 2 the 
S Q Lamb mode is more apparent because there is less 
background noise than would be found in, for example, 
a metal substrate of the same dimensions. This enables 
temperature measurements of the wafer 112 with an 
accuracy equal to or less than ± 5°F. This temperature 
measurement occurs without using the emissivity of the 
silicon wafer, which would be difficult to accurately meas- 
ure within the high ambient temperature of the process 
chamber 116. 

This is an important application of the invention as 
it avoids processing errors which can result in the 
destruction of the wafer 112. As larger wafers come into 
use (e.g., 8" to 12" wafers) the expense of a single wafer, 
which may have a very significant production cost asso- 
ciated therewith, makes an accurate measurement of 
wafer temperature very important 

Fig. 13 shows another exemplary application of the 
system 10. In Rg. 13 the system 10 is used to monitor 
the surface temperature of boiler tubes 140 within a fur- 
nace 142. Such an arrangement is often found within a 
petrochemical refinery. One or more viewports 144 ena- 
ble optical access to the boiler tubes 140. As shown in 
the enlarged detail, the IB 14a and PB 28b are directed 
onto the surface of a boiler tube wall 140a. If a deposit 
build up (shown generally as 140b) occurs on the inner 
surface of the boiler tube wall 1 40a, a hot spot is created 
on the outer surface. The presence of such a hot spot is 
undesirable in that it can eventually lead to metal fatigue 
and the failure of the affected boiler tube 140. Since the 
boiler tubes normally carry a pressurized heated volatile 
fluid, such a failure can be catastrophic. 



The use of the system 10 enables a remote (non- 
contact) and very accurate reading of surface tempera- 
ture along the boiler tube outer walls and thus enables a 
detection of surface hot spots before metal failure occurs. 

5 An exemplary, but certainly not exhaustive list of 
other applications that may benefit from the remote, con- 
tactless temperature measurement system of this inven- 
tion include the heat treating industry (measurement of 
internal and surface temperature of steel, aluminum, 

io etc.) ; the carburizing industry (measurement and control 
of carburization depth and surface hardness); phase 
change processing (as shown in Rg. 15, the detection 
of onset and completion of phase changes during steel 
processing); and nondestructive inspection (detection of 

is internal flaws, cracks, and voids in structures). In the flaw 
detection application additional signal peaks are 
observed which arise from internal flaws within a struc- 
ture (such as bridge support) under test Another appli- 
cation of interest is the process control of paper, i.e. 

20 mechanical strength, water content, etc. 

With regard to flaw detection, it is well known to use 
high frequency ultrasound, such as that derived from a 
piezoelectric transducer, for detecting small cracks and 
flaws during target inspection. It is known to use a mode 

25 locked laser to generate ultrasonic waves at frequencies 
as high as 100 MHz. It is also known that in addition to 
the detection of small flaws, the mode-locked laser oper- 
ation can generate very narrow band ultrasound (not 
necessarily high frequency). 

30 This is exploited in the system 10 to substantially 
improve the SNR of a measurement by reducing the 
electronics bandwidth. Particularly in the measurement 
of thin targets (for example, under 0.1" for metals) the 
Lamb modes of the target are dispersive, which implies 

35 that the thickness of the target affects the received pulse. 
This dispersive behavior is problematic since it necessi- 
tates the prior knowledge of the thickness. However, this 
behavior disappears for thicker targets or for higher fre- 
quency ultrasound. In other words, theory predicts that 

40 the waves are not dispersive for high values of the prod- 
uct of frequency and thickness. Therefore, for very thin 
targets the high frequency ultrasound may be used to 
avoid the dispersive characteristics of the waves. 

It is pointed out that there are many ways of analyz- 

45 ing the received signals. As was described previously, 
one technique is to first detect the arrival of the wave 
(peak detection) and then from the Tlme-Of- Right (TOF) 
calculate the velocity by knowing the distance or the path 
length. The determined elastic wave velocity correlates 

so with many properties of the target, such as temperature, 
metallurgical status, etc. However, the velocity measure- 
ment is not the only suitable method for analyzing the 
signal. 

In accordance with a further aspect of this invention 
55 any time varying characteristic of the received elastic 
wave may be used to monitor various material proper- 
ties, such as carbon content, case depth, grain size, etc. 
Exemplary time varying characteristics include the fre- 
quency of the received elastic wave, the phase of the 
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received elastic wave, and an amplitude modulation of 
the envelope of the received elastic wave. Methods such 
as Fast Fourier Transformations, Wavelets, etc. are used 
in the system 10 to measure the time varying content, 
such as frequency characteristics, of the received elastic 5 
wave so as to correlate the measured time varying con- 
tent with one or more material properties of interest. 

Having thus described the invention, it will be appre- 
ciated that a number of modifications may be made to 
the disclosed embodiments. As an example, although 10 
the trigger on demand technique has been previously 
described with respect to Figs. 5, 6, 9 and 14, it should 
be realized that it is also within the scope of the invention 
to employ a mechanism, such as a piezoelectric actua- 
tor, to mechanically dither the reference leg to provide is 
an active stabilization. Furthermore, the active stabiliza- 
tion of the reference leg can be used in conjunction with 
the trigger on demand technique. 

Also by example, it is within the scope of this inven- 
tion to eliminate a thickness test altogether when deter- 20 
mining a material's properties. More particularly, when 
thick targets are being investigated (e.g., thicker than 
0.125") and bulk waves are being used, then there is a 
need for prior sided (reflected waves from opposite side) 
and double sided (one pass through target) configura- 25 
tions. In both of these cases the travel distance of the 
elastic wave needs to be known in order to calculate the 
velocity from the TOF measurements. 

As is illustrated in the flow chart of Fig. 1 7, a method 
for determining the travel distance, without knowing the 30 
thickness a priori, is to generate an elastic wave in the 
target and to then detect the arrival of both Longitudinal 
(L) and Shear (S) waves. For metals, the latter travel with 
almost half the speed of the former. Therefore these 
waves arrive at different points in time and can thus be 3s 
detected separately. After both of the waves are received 
and detected (Block A), the ratio of the determined L and 
S TOFs are used to infer the ratio of the L and S velocities 
(Block B). The travel path drops out of this calculation, 
since it is the same for both waves. Therefore, instead of 40 
correlating the velocity of each wave with the target prop- 
erties, the ratio of the L and S velocities is correlated with 
a target property of interest (Block C), thereby avoiding 
any thickness uncertainty. 

It should be noted that this capability is an important 45 
feature of the system 10, which uses interferometric 
detection and can therefore monitor both L and S waves. 
Conventional contact piezoelectric transducers used in 
ultrasonic inspections lack this capability, and special 
transducers are used for each wave set. 50 

Thus, while the invention has been particularly 
shown and described with respect to preferred embodi- 
ments thereof, it will be understood by those skilled in 
the art that changes in form and details may be made 
therein without departing from the scope and spirit of the 55 
invention. Further by example, the use of a diode detec- 
tion laser is not mandatory for th novel signal process- 
ing techniques that were described previously, and 



neither is the use of a laser as the source of impulse 
energy to launch elastic waves within a sample. 

Claims 

1 . An interferometer, comprising: 

a laser for generating a source beam; 

means for splitting said source beam into a 
reference beam and into a probe beam with the rel- 
ative intensity of said reference beam to said probe 
beam being a function of a polarization state of said 
source beam; 

means for defining a reference beam path; 

means for defining a probe beam path includ- 
ing means for directing said probe beam to a surface 
of a sample and for receiving a portion of said probe 
beam that reflects from said sample; 

means for combining said reference beam 
with said received portion of said probe beam for 
forming a combined beam; 

means for detecting an interference pattern 
caused by said reference beam constructively and 
destructively interfering with said returned portion of 
said probe beam within said combined beam; and 

means, responsive to said detected interfer- 
ence pattern, for automatically changing the polari- 
zation state of said source beam to enhance the 
detection of said interference pattern. 

2. An interferometer as set forth in claim 1 wherein said 
means for changing the polarization state is com- 
prised of: 

a halfwave plate that is interposed within said 
sample beam path between said laser and said split- 
ting means; and 

means for corrtrollably rotating said halfwave 

plate. 

3. An interferometer as set forth in claim 1 wherein said 
means for defining a reference beam path is com- 
prised of a comer cube reflector that terminates said 
reference beam path. 

4. An interferometer as set forth in daim 1 and further 
comprising means for correlating said detected 
interference pattern with a physical characteristic of 
the sample. 

5. An interferometer as set forth in claim 1 wherein said 
laser is comprised of a semiconductor laser diode. 

6. A system for determining a characteristic of a target, 
comprising: 

means, responsive to a triggering signal, for 
launching an elastic wave within the target; 

interferometer means for detecting a dis- 
placement of a surface of the target in response to 
said launched elastic wave; 

means for determining a time varying char- 
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acteristic of said elastic wave within the target from 
said detected displacement; 

means for correlating said determined time 
varying characteristic with a property of interest of 
the target; and 5 

means, responsive to an interference pattern 
generated by said interferometer means, for speci- 
fying a time at which to generate said triggering sig- 
nal. 

10 

7. A system as set forth in claim 6, wherein said inter- 
ferometer means includes a least one photodetec- 
tor, and wherein said specifying means is comprised 
of: 

means for detecting an amplitude of a signal is 
output from said photodetector.; 

means for detecting a frequency of said sig- 
nal output from said photodetector; and 

means for generating said trigger signal 
when said detected amplitude is within a predeter- so 
mined range of amplitudes and also when said 
detected frequency is within a predetermined range 
of frequencies. 

8. A system as set forth in claim 7 wherein said ampli- 2s 
tude detecting means is comprised of an envelope 
detecting means and wherein said frequency detect- 
ing means is comprised of a zero crossing detector 
means. 

30 

9. A system as set forth in claim 6, wherein said inter- 
ferometer means is comprised of a detection laser, 
and wherein said detection laser includes a semi- 
conductor laser diode. 

35 

1 0. A system for determining a characteristic of a target 
comprising: 

impulse means for generating an impulse 
beam and for directing said impulse beam over a tar- 
get path distance to a surface of the target for 40 
launching an elastic wave within the target; 

interferometer means for detecting a dis- 
placement of the surface of the target in response 
to said launched elastic wave, said interferometer 
means including means for generating a probe 4s 
beam and for directing said probe beam to the sur- 
face of the target; 

means for determining a time varying char- 
acteristic of the elastic wave within the target from 
said detected displacement; so 

means for correlating said determined time 
varying characteristic with a property of interest of 
the target; and 

means for shaping said impulse beam to 
have an annular shape that does not significantly ss 
converge or diverge over the target path distance. 

1 1 . A system as set forth in claim 1 0 wherein said shap- 
ing means is comprised of: 



an axicon; and 

means for defining an impulse beam path 
between said axicon and said directing means of 
said impulse means, said impulse beam path having 
a length that is at least approximately equal to the 
target path distance. 

1 2. A system as set forth in claim 10 wherein said shap- 
ing means is comprised of a waxicon. 

1 3. A system as set forth in claim 1 0 wherein said direct- 
ing means of said impulse means and said directing 
means of said interferometer means are comprised 
of a common reflector having a first reflective area 
comprised of a first reflective material for reflecting 
said impulse beam and a second reflective area 
comprised of a second reflective material for reflect- 
ing said probe beam. 

14* A system as set forth in claim 13 wherein said sec- 
ond reflective area is surrounded by said first reflec- 
tive area 

15. A system as set forth in claim 13 wherein said first 
reflective material is comprised of a dielectric coat- 
ing, and wherein said second reflective material is 
comprised of a metal. 

16. A system as set forth in claim 1 3 wherein sard com- 
mon reflector is controllably positionable for simulta- 
neously directing said impulse beam and said probe 
beam in a direction that is a function of a motion of 
the target, and further comprising beam steering 
means including an alignment beam source gener- 
ating an alignment beam; means for directing said 
alignment beam to the target; and means, respon- 
sive to a portion of said alignment beam that returns 
from the target, for controllably positioning said com- 
mon reflector. 

17. A system for determining a characteristic of a target 
having a thickness suitable for supporting Lamb 
modes, comprising: 

means for launching an elastic wave within 
the target; 

an interferometer for detecting a displace- 
ment of a surface of the target in response to said 
launched elastic wave; 

means, responsive to said detected displace- 
ment, for determining a velocity of an elastic wave 
corresponding to a S 0 Lamb mode and a velocity of 
an elastic wave corresponding to an A<> Lamb mode 
within the target; and 

means for correlating said determined S G 
Lamb mode and said Ao Lamb mode velocities with 
a property of interest of the target. 

18. A system as set forth in claim 17 wherein a fre- 
quency of the elastic wave is made a function of the 
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thickness of the target so as to substantially elimi- 
nate a dispersive characteristic of the elastic wave. 

19. A system as set forth in claim 1 7 wherein said prop- 
erty of interest is temperature. s 

20. A system as set forth in claim 19 wherein the target 
is comprised of a silicon wafer. 

21 . A system for determining a characteristic of a target, 1 o 
comprising: 

. means for launching an elastic wave within 
the target; 

an interferometer for detecting a Displace- 
ment of a surface of the target in response to said is 
launched elastic wave; 

means, responsive to said detected displace- 
ment, for determining a time of flight of said elastic 
wave within the target; and 

means for correlating the determined time of 20 
flight with a characteristic of the target, wherein 

said interferometer includes at least one pho- 
todetector, and wherein said correlating means is 
comprised of: 

means for detecting a waveshape of a signal 25 
output from said photodetector; and 

matched filter processing means comprising 
means for storing a plurality of predetermined wave- 
shapes, each of said plurality of predetermined 
waveshapes corresponding to a different target 30 
thickness; means for comparing said detected 
waveshape to said stored plurality of predetermined 
waveshapes; and means for correlating a thickness 
of the target with a predetermined thickness that is 
associated with a selected one of said stored plural- 35 
rty of waveshapes that best matches said detected 
waveshape. 

22. A method for remotely detecting a characteristic of 

a target, comprising the steps of: 40 

(a) interferometrically generating an oscillating 
signal that is indicative at least in part of a sur- 
face motion of the target; 

45 

(b) detecting an amplitude and a frequency of 
the generated oscillating signal; 

(c) analyzing the detected amplitude and the 
detected frequency to determine an occurrence so 
of an optimum period within which to launch an 
elastic wave within the target; and 

(d) triggering an impulse source to launch an 
elastic wave within the target during a deter- 55 
mined optimum period. 

23. A method as set forth in claim 22 and further c m- 
prising the step of (e) interferometrically determining 



at least one data point representative of a response 
of the target to the launched elastic wave. 

24. A method as set forth in claim 23 and further com- 
prising the steps of: 

repeating steps (a)-(e) a plurality of times to 
acquire a set of determined data points; 

eliminating from the set any data points that 
are contaminated by noise; 

squaring and combining the remaining data 
points of the set to generate a set of processed data; 

applying a matched filter to extract a feature 
of interest from the set of processed data; 

determining a time varying characteristic of 
an elastic wave within the target from the extracted 
feature of interest; 

converting the time varying characteristic to 
at least one property of interest of the target. 

25. A system for determining a characteristic of a target, 
comprising: 

means for launching an elastic wave within 
the target; 

an interferometer including at least one pho- 
toresponsive detector for indicating a displacement 
of a surface of the target in response to the launched 
elastic wave; 

signal processing means, responsive to said 
detected displacement, for determining a time vary- 
ing characteristic of the elastic wave within the target 
and for relating the determined time varying charac- 
teristic with a property of interest of the target, 
wherein said signal processing means is comprised 
of: 

means for determining a waveshape of a sig- 
nal output from said detector; 

matched filter processing means comprising 
means for storing a plurality of predetermined wave- 
shapes; 

calibration curve processing means compris- 
ing means for storing a plurality of calibration curves 
each relating an elastic wave time varying charac- 
teristic to a property of interest of the target; 

means for selecting one of said stored plural- 
ity of predetermined waveshapes based on a thick- 
ness of the target and on a type of material that 
comprises the target; 

means for determining a time varying char- 
acteristic of the determined waveshape in coopera- 
tion with the selected one of the stored plurality of 
predetermined waveshapes; and 

means for relating the determined time vary- 
ing characteristic of the detected waveshape with 
the property of interest of the target in cooperation 
with one of the stored plurality of calibration curves. 

26. A laser assembly, comprising: 

a semiconductor laser diode having an output 
for emitting a beam of coherent radiation; 
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a grating mounted at a predetermined angle 
relative to the beam, the predetermined angle being 
selected as a function of a desired wavelength of 
coherent radiation to be emitted from said assembly; 
and 5 

a wedge rotatably mounted within the beam 
between said output of said semiconductor laser 
diode and said grating for controllably adjusting an 
angle of incidence of the beam upon the grating to 
select the wavelength of the emitted coherent radi- w 
ation. 

27. A system for determining a characteristic of a target, 
comprising: 

impulse means for generating an impulse is 
beam and for directing said impulse beam over a tar- 
get path distance to a surface of the target for 
launching an elastic wave within the target; 

interferometer means for detecting a dis- 
placement of the surface of the target in response 20 
to the launched elastic wave, said interferometer 
means including a semiconductor laser diode gen- 
erating an output beam; 

means for generating a target probe beam 
and a reference beam from said output beam; 25 

means for determining a time varying char- 
acteristic of said elastic wave within the target from 
said detected displacement; 

means for correlating said determined time 
varying characteristic with a property of interest of 30 
the target; and 

means for substantially equalizing a path 
length of said target probe beam to a path length of 
said reference beam to compensate for frequency 
jitter in said output beam. 35 

28. A system for determining a property of interest of a 
target having a thickness, comprising: 

means for launching an elastic wave within 
the target; 40 

an interferometer for detecting, in response 
to said launched elastic wave, a first displacement 
of a surface of the target that corresponds to a Lon- 
gitudinal (L) wave and for detecting, in response to 
said launched elastic wave, a second displacement 45 
of the surface of the target that corresponds to a 
Shear (S) wave; 

signal processing means, responsive to said 
first and second detected displacements, for deter- 
mining a time of flight of each of said L wave and S so 
wave, for determining a first ratio of the determined 
L wave and S wave time of flights, for inferring from 
the first ratio a second ratio of L wave and S wave 
velocities, and for correlating the second ratio of the 
L wave and S wave velocities with a property of inter- ss 
est of the target. 
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